Cryptosporidium is an enteric parasite that infects humans and a wide range of animals. Relatively little is known about the epidemiology and taxonomy of Cryptosporidium in fish. In the present study, a total of 775 fish, belonging to 46 species and comprising ornamental fish, marine fish and freshwater fish were screened for the prevalence of Cryptosporidium by PCR. The overall prevalence of Cryptosporidium in fish was 5.3% (41/775), with prevalences ranging from 1.5 to 100% within individual host species. Phylogenetic analysis of these Cryptosporidium isolates as well as 14 isolates from previous studies indicated extensive genetic diversity as well as evidence for mixed infections. At the 18S locus the following species were identified; Cryptosporidium molnari-like genotype (n = 14), Cryptosporidium huwi (n = 8), piscine genotype 2 (n = 4), piscine genotype 3-like (n = 1), piscine genotype 4 (n = 2), piscine genotype 5 (n = 13), piscine genotype 5-like (n = 1) and five novel genotypes (n = 5). At the actin locus, species identification agreed with the 18S locus for only 52.3% of isolates sequenced, indicating high levels of mixed infections. Future studies will need to employ both morphological characterization and deep sequencing amplicon-based technologies to better understand the epidemiological and phylogenetic relationships of piscine-derived Cryptosporidium species and genotypes, particularly when mixed infections are detected.
Introduction
Currently three piscine Cryptosporidium species are recognised; (1) Cryptosporidium molnari, which was initially identified in gilthead sea bream (Sparus aurata) and European sea bass (Dicentrarchus labrax) (Alvarez-Pellitero and Sitja-Bobadilla, 2002) and was characterized genetically in 2010 (Palenzuela et al., 2010) , (2) Cryptosporidium scophthalmi, which was described in turbot in 2004 (Scophthalmus maximus) (Alvarez-Pellitero et al., 2004) and characterized genetically in 2015 (Costa et al., 2015) and (3) the recently described Cryptosporidium huwi (previously piscine genotype 1) (Ryan et al., 2015) .
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Molecular characterization based mainly on short 18S rRNA sequences (250-404 bp) has identified seven additional piscine genotypes (piscine genotypes 2-8) as well as Cryptosporidium parvum, Cryptosporidium xiaoi, Cryptosporidium scrofarum, Cryptosporidium hominis and rat genotype III in fish (Murphy et al., 2009; Reid et al., 2010; Zanguee et al., 2010; Morine et al., 2012; Koinari et al., 2013; . Understanding the epidemiology and zoonotic potential of piscine Cryptosporidium is important because Cryptosporidium can cause a variety of clinical signs in fish and as it can cause high morbidity, it is also economically important (Alvarez-Pellitero and Sitja-Bobadilla, 2002; Alvarez-Pellitero et al., 2004; Ryan et al., 2004 Ryan et al., , 2015 Murphy et al., 2009; Zanguee et al., 2010) . A sound taxonomy of piscine-derived Cryptosporidium species is also important as previous research suggests that they may be the most primitive of Cryptosporidium species (Ryan et al., 2004 (Ryan et al., , 2015 Palenzuela et al., 2010; Reid et al., 2010; Zanguee et al., 2010; Morine et al., 2012; Koinari et al., 2013) and therefore, provide important information on the evolution of the genus. The purpose of the present study was to examine the extent of genetic diversity of Cryptosporidium species in fish hosts using a longer region (∼553 bp) of the 18S gene (Silva et al., 2013) and to construct a molecular phylogeny at the actin locus to better understand the phylogenetic relationships of piscine Cryptosporidium species and genotypes. Table 1 Fish species screened for Cryptosporidium. NA = no amplification. Prevalence (and 95 confidence intervals-CI) is given for each species. Unless specified, all fish were obtained from a local aquarium. 
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Host common name
Materials and methods
Sampling
A total of 775 fish, belonging to 46 species, were collected from the following sources: (1) ornamental fish was obtained from a commercial aquarium in Perth, Western Australia; (2) marine fish were purchased directly from suppliers and (3) native catfish live caught as part of ongoing studies (Table 1 ). Fish were euthanized using an ice slurry upon arrival at the laboratory under Murdoch University animal ethics permits (W2325/10 and RW2618/13). They were then weighed and measured (total body length) and dissected. For fish that were large enough (∼35%), sections of intestine and stomach were cut using a sterile scalpel blade for each fish, placed in 2 mL tubes and stored at −20 • C for further molec-Q4 ular analysis. The remaining stomach and intestine were fixed in 10% buffered formalin for histological analysis. The majority of the fish (∼65%) were very small and for these fish, DNA analysis was conducted on the entire intestine and stomach.
Genomic DNA extraction and PCR amplification
DNA was extracted from ∼25 mg of intestinal and stomach tissues using the PowerSoil DNA Isolation Kit (Mo Bio, California, USA). Partial DNA fragments from 14 piscine isolates typed at the 18S locus in previous studies were also re-amplified and sequenced for the present study and included for comparison (Table 2 ). These included mullet-derived isolates M09 and M20 (piscine genotype 3), NZ107-Upsidedown catfish and NZ127-Wedgetailed blue tang (C. molnari-like), NZ106-Kupang damsel and NZ16-Golden algae eater (piscine genotype 4), oscarfish-derived isolates NZ13 and NZ113 (piscine genotype 2), NZ121-Golden algae eater, NZ129-butter bream and NZ95-angelfish (piscine genotype 5), neon tetra-derived isolates MM188 and MM192 (Piscine genotype 7) and silver-biddy isolate G018 (piscine genotype 8) (Reid et al., 2010; Zanguee et al., 2010; Morine et al., 2012; Koinari et al., 2013) (Table 2 ). All samples were screened at the 18S rRNA locus using previously described primers and conditions (Silva et al., 2013) . Isolates positive at the 18S locus were also analyzed at the actin locus using PCR primers optimized for amplification of piscinederived Cryptosporidium species (which produce a 392 bp product), as previously described (Koinari et al., 2013) . All positives were also screened using a C. parvum and C. hominis specific qPCR at a unique Cryptosporidium specific gene (Clec) coding for a novel mucin-like glycoprotein that contains a C-type lectin domain (CTLD) previously described (Morgan et al., 1996; Bhalchandra et al., 2013; Yang et al., 2009 Yang et al., , 2013 . This was done to determine if there were any mixed infections with C. parvum and/or C. hominis in the fish. Negative controls consisting of DNA-free molecular grade water were used during each PCR run. Physical separation of sample preparation and amplification areas was practiced to prevent contamination of test samples by PCR products. The amplified DNA fragments from the secondary PCR products were separated by gel electrophoresis and purified for sequencing using an in-house filter tip-based method without any further purification as previously described (Yang et al., 2013) .
Sequence and phylogenetic analysis
Where possible, sequences were obtained for two separate amplicons from each positive isolate at both loci. Amplicons were sequenced in both directions using an ABI Prism TM Dye Terminator cycle sequencing kit (Applied Biosystems, Foster City, California) according to the manufacturer's instructions. Nucleotide sequences were analyzed using Finch TV Version 1.4.0 (Geospiza, Inc., Seattle, WA, USA; http://www.geospiza.com) and aligned with reference Table 2 Details of 14 piscine isolates that were typed at the 18S locus in previous studies and were re-amplified and sequenced at the 18S and actin loci for the present study. C. huwi 18S (AY524773) and actin (AY524772) sequences and reference C. molnari 18S (HM243547, HM243548 and JX436322) and actin (HM365219 and HM365220) from GenBank using Clustal W (http://www.clustalw.genome.jp). Multiple-sequence alignments were constructed using additional isolates from GenBank. Distance, parsimony and maximum likelihood trees were constructed using MEGA version 5 (Tamura et al., 2011) . Genetic distances were calculated in MEGA using the Kimura 2 parameter model. Prevalences were expressed as the percentage of samples positive by PCR, with 95% confidence intervals calculated assuming a binomial distribution, using the software Quantitative Parasitology 3.0 (Rozsa et al., 2000) .
Microscopy
Sections of intestinal and stomach tissues fixed in 10% formalin were embedded in paraffin. Histological sections were cut at 5 m thicknesses, stained with hematoxylin and eosin and examined with an Olympus BX50 light microscope at 400 and 1000 fold magnification.
Results
Prevalence of Cryptosporidium in various fish hosts at the 18S locus
At the 18S locus, a total of 41/775 samples (excluding the 14 samples from a pervious study) were positive by PCR and sequence analysis, an overall estimated prevalence of 5.3% (3.7-6.9CI) ( Table 1) . Within species, the prevalence varied widely and ranged from 0 to 100%, although for many species very small numbers were sampled (n = 1-5) and therefore, prevalence estimates for these species are unreliable (Table 1 ). The largest number of fish sampled for a single species was for mullet (Mugil cephalus) (n = 195), in which the prevalence was 1.5% (3/195). The prevalence in neon tetras (Paracheirodon innesi) was 3.5% (5/144). In guppies (Poecilia reticulata) and goldfish (Carassius auratus), the prevalence was 3.7% (4/108) and 5.5% (6/110) respectively. A total of 35 Australian native catfish (freshwater cobbler) (Tandanus bostocki) were screened but no positives were detected (Table 1) .
Phylogenetic analysis at the 18S locus
18S sequences were obtained from 38 of the 41 positives identified at the 18S locus. Phylogenetic analysis at the 18S locus based on 553 bp of sequence, using distance, parsimony and maximum likelihood produced similar trees (Fig. 1, distance tree shown) . Of the 40 positives identified in the present study (Table 1 ) and the 14 isolates from previous studies that were re-screened (Table 2) , 14 were identified as C. molnari-like, eight were C. huwi, four were piscine genotype 2, three were piscine genotype 3, one was piscine genotype 3-like (KS-11-Goldfish-2.6% genetic distance from piscine genotype 3), four were piscine genotype 4, 12 were piscine genotype 5, one was piscine genotype 5-like (KS05-2.4% genetic distance from piscine genotype 5), one was piscine genotype 7 (MM188), one was piscine genotype 7-like (3.9% genetic distance), one was piscine genotype 8 (GO18) and five novel genotypes were identified (n = 5).
Two of the novel genotypes (LC01-Orange clownfish and LC51-Azure damsel) exhibited 8.5% genetic distance from each other and 6.5% genetic distance from piscine genotype 5 isolate LC09-Blue tang. Isolates CA68-Platy and KS02-Oscar exhibited 8% genetic distance from each other and 3.9% and 6.5% genetic distance respectively from piscine genotype 5 isolate LC09. The fifth novel genotype (isolate LC38-Goldfish) exhibited 9% genetic distance from C. molnari (HM243547 and HM243548) . The C. molnarilike isolates exhibited 1.1-2.2% genetic distance from C. molnari (HM243547 and HM243548). Two sequences were obtained for isolate LC16-Goldfish; LC16a was C. molnari-like and LC16b was piscine genotype 5.
As with previous analysis , C. huwi was most closely related to piscine genotype 7 (2.6% genetic distance) and exhibited 9.6% genetic distance from C. molnari ( Fig. 1 and Table 3 ). Q5 Piscine genotype 5 was most closely related to piscine genotype 2 (3.5% genetic distance) followed by piscine genotype 3 (4.9%) and piscine genotype 4 (5.7) ( Table 3) .
Phylogenetic analysis at the actin locus
At the actin locus, sequences were obtained for 33 isolates and from ten of the 14 isolates from previous studies (M9, M20, NZ16, NZ107, NZ121, NZ127, NZ129, MM188, MM192 and G018) ( Tables 1 and 2 ). Phylogenetic analysis at the actin locus based on 208 bp of sequence using distance, parsimony and maximum likelihood produced similar trees (Fig. 2, distance tree shown) .
At the actin locus, there was concordance with the 18S locus for many isolates. For example, isolates KS35-KS37, KS43, KS52, KS109 and KS116, which were typed as C. huwi at the 18S locus were also typed as C. huwi at the actin locus. Isolate MM188, which was typed as piscine genotype 7 at the 18S locus, grouped most closely with C. huwi (9.7% genetic distance) and likely represents the first actin sequence for piscine genotype 7. Isolates CA49, CA69, CA70, CA274, KS07 and KS10, which were typed as piscine genotype 5 at the 18S locus, formed a separate clade, which likely represents piscine genotype 5. Two sequences were obtained from isolate LC09 (piscine genotype 5 at the 18S locus) from separate amplicons at the actin locus; one sequence (LC09a) grouped with piscine genotype 5 isolates, while the second sequence (LC09b) grouped separately but exhibited 2.5% genetic distance from piscine genotype 5 isolate CA49. Isolate KS05, which was piscine genotype 5-like at the 18S locus, also grouped with piscine genotype 5 isolates (1.5% genetic distance) at the actin locus. Isolates CA47, KS03, KS04, KS09, LC06, LC12, LC15 and LC52, which grouped with C. molnari-like isolates at the 18S locus, again grouped in a clade with C. molnari but exhibited 7.3-8.7% genetic distance from C. molnari. Isolates CA68 and KS02, which were novel genotypes at the 18S locus failed to amplify at the actin locus.
There was also however, evidence of lack of concordance between loci for many isolates and many of the clades did not have strong bootstrap support ( Fig. 2 and Tables 1 and 2 ). For example, isolates M20, M67, KS11, NZ13, M151, G018, LC01, LC38 and LC51 were identified as C. molnari-like isolates at the actin locus (Fig. 2) , but at the 18S locus were piscine genotype 3 (M20, M67) and 3-like (KS11), genotype 2 (NZ13), genotype 5 (M151), genotype 8 (G018) and novel genotypes (LC01, LC38 and LC51). Two sequences were obtained for isolate MM192, which at the 18S was piscine genotype 7-like, but at the actin locus, both sequences grouped with C. molnari-like isolates. Isolate NZ107 at the actin locus, which grouped with C. molnari-like isolates at the 18S locus, formed a separate group with NZ16 (which was piscine genotype 4 at the 18S locus) and may represent piscine genotype 4 at the actin locus. Three sequences were obtained from M09 at the actin locus (which was piscine genotype 3 at the 18S locus); (1) M09a formed a separate group with NZ106 and NZ121 (which were both piscine genotype 4 at 18S locus), (2) M09b formed a separate group with isolates NZ127 and NZ129 (both of which grouped with piscine genotype 5 at the 18S locus) and (3) M09c grouped with the C. molnari-like isolates. The sequences obtained for NZ127 and NZ129 at the actin locus are unlikely to represent genotype 5 at the actin locus due to the large genetic difference between these two isolates and all other piscine genotype 5 isolates at the actin locus (7.2%). We have tentatively designated this clade, which includes NZ129, NZ127 and M09b as piscine genotype 3 at the actin locus, as at the 18S locus, piscine genotype 5 exhibited the second highest similarity to piscine genotype 3 (after piscine genotype 2). At the actin locus, no piscine genotype 2 clade emerged and the clade, which included NZ129, NZ127 and M09b, was most closely related to piscine genotype 5 (6.6% genetic distance) consistent with the genetic distances between piscine genotypes 3 and 5 at the 18S locus (4.9%). The clade formed by isolates M09a, NZ106 and NZ121 are unlikely to represent piscine genotype 4 as this clade exhibited 17% genetic distance from piscine genotype 5 and was most closely related to C. molnari (13.3% genetic distance) and therefore represents a novel clade.
Presence of C. parvum and/or C. hominis in fish
No C. parvum or C. hominis positives were detected using the C. parvum and C. hominis specific qPCR at the Clec locus.
Microscopy
No parasites were observed during microscopic examination of the intestinal or stomach tissues due to substantial autolysis of tissues.
GenBank accession numbers
Partial 18S sequences for the following isolates were deposited in GenBank; NZ113-KR610347 (piscine genotype 2), M20-KR610348 (piscine genotype 3), NZ106-KR610346 (Piscine genotype 4), NZ129-KR610344 (piscine genotype 5), KS05-KR610345 (piscine genotype 5-like), MM188-KR610354 (piscine genotype 7), MM192-KR610355 (piscine genotype 7-like), G018-KR610349 (piscine genotype 8), LC12-KR610356 (C. molnari-like), CA68-KR610353 (novel), LC01-KR610350 (novel), LC38-KR610357 (novel), LC51-KR610351 (novel) and KS02-KR610352 (novel).
Partial actin sequences for the following isolates were deposited in GenBank; NZ16-KR61036 (piscine genotype 4), M09b-KR610343 (piscine genotype 3), KS10-KR610339 (piscine genotype 5), KS05-KR610340 (piscine genotype 5-like), MM188-KR610335 (piscine genotype 7), KS09-KR610338 (C. molnari-like), LC12-KR610337 (C. molnari-like), LC09b-KR610341 (novel) and M09a-KR610342 (novel).
Discussion
In the present study, the overall prevalence of Cryptosporidium in fish was 5.3% (41/775), with prevalences ranging from 1.5 to 100% within individual host species. Previous studies have also reported large variation in prevalences ranging from 0.8 to 100% (Sitjà-Bobadilla et al., 2005; Murphy et al., 2009; Reid et al., 2010; Zanguee et al., 2010; Morine et al., 2012; Koinari et al., 2013; Certad et al., 2015; Ryan et al., 2015) . In the present study, the majority of fish screened were ornamental fish, for which the prevalence was 7.0% (38/545). This maybe possibly related to the high stocking densities and low water exchange rates practiced in the rearing of ornamental fish, and hence, higher chance of exposure and infections. The prevalence in wild marine fish was 1.5% (3/195) and no Cryptosporidium DNA was detected in wild freshwater catfish (0/35).
Consistent with previous studies, extensive genetic diversity was demonstrated for piscine derived Cryptosporidium isolates, with five novel genotypes identified at the 18S locus as well as a C. molnari-likegenotype (n = 14), C. huwi (n = 8), piscine genotype 2 (n = 4), piscine genotype 3-like (n = 1), piscine genotype 4 (n = 2), piscine genotype 5 (n = 12) and piscine genotype 5-like (n = 1). In addition, a total of six new host species were identified; Black Ghost Knife Fish (Apteronotus albifrons), Kribensis (Pelvicachromis), Orange clownfish (Amphiprion percula), Platyfish (Xiphophorus maculatus), Red-striped angelfish (Centropyge eibli) and Yellowheaded Jaw fish (Opistognathus aurifrons). Re-amplification and sequencing of 14 piscine-derived Cryptosporidium isolates from previous studies with the Silva et al. (2013) primers confirmed the assignment to genotype in previous studies (Reid et al., 2010; Zanguee et al., 2010; Morine et al., 2012; Koinari et al., 2013) with the exception of one isolate (MM192). The five novel genotypes identified at the 18S locus (LC01, LC38, LC51, CA68 and KS02), exhibited substantial genetic distances (3.9-9%) from known genotypes and species. However, further characterization is required as analysis of these and other isolates at the actin locus produced discordant results with the 18S locus. Two of the novel genotypes (CA68 and KS02) did not amplify at the actin locus, while the remaining three novel genotypes (LC01, LC38 and LC51) were C. molnari-like at the actin locus. Overall, there was agreement between the 18S and actin loci for only 52.3% (23/44) of isolates. Of the remaining 47.7% (21/44) of isolates sequenced at the actin locus, multiple different sequences were obtained for four isolates (MM192a and b, LC09a and b, NZ107a and b and M09a, b and c), only two of which (LC09a and M09b) matched the 18S genotype and the remaining seventeen isolates did not match the genotype identified at the 18S locus. The most likely explanation is a high level of mixed infections in these isolates. This underlines the value of typing with a rapidly evolving, single copy gene, such as the actin locus, in addition to the more commonly employed rRNA markers.
In spite of the difficulties in interpretation posed by multiple infections, some progress was made toward a better understanding of the taxonomy of piscine-derived Cryptosporidium isolates. For example, at the 18S locus, C. huwi exhibited 2.6% genetic distance from piscine genotype 7. In the original description of C. huwi , an actin sequence for piscine genotype 7 was not available, however in the present study, an actin sequence for piscine 7 genotype isolate MM188 was obtained and exhibited 9.7% genetic distance from C. huwi which further supports the validity of C. huwi.
At the 18S locus, C. molnari-like isolates exhibited 1.1-2.2% genetic distance from C. molnari reference sequences (HM243547 and HM243548) but at the actin locus, the distances were much larger (7.3-8.7%). The 18S sequence from an Australian C. molnari isolate MC10.1 (HQ585890) from a Murray cod (Maccullochella peelii peelii) (Barugahare et al., 2011) was not included in the present analysis as this sequence was shorter (530 bp) than the 553 bp of sequence analyzed in the present study. However, this sequence matched C. molnari-like isolates 100% over the 530 bp of sequence indicating that this too is a C. molnari-like isolate. Similarly, the C. molnari sequences from Northern pike (Esox lucius) (KP939352 and KP939354) (Certad et al., 2015) were not included as they only overlapped over 330 bp but over this length of sequence, they exhibited five single nucleotide polymorphisms (SNP's) with C. molnari-like isolates. The genetic distances between C. molnari and the C. molnari-like isolates at both the 18S and actin loci suggests that the C. molnari-like isolates are in fact a separate species as these differences are greater than many currently accepted species. For example, the genetic distance at both the 18S and actin loci between C. parvum and the recently described Cryptosporidium erinacei is 0.5% (Kváč et al., 2014) and the genetic distance between Cryptosporidium muris and Cryptosporidium andersoni at the 18S and actin loci are 0.9% and 3.5% respectively.
A recent study identified a high overall prevalence (36.6%-15/41) of Cryptosporidium in freshwater fish from Lake Geneva (Lac Léman) and identified C. parvum and C. molnari (Certad et al., 2015) . In that study, the prevalence of C. parvum was 86.7% (13/15), the prevalence of C. molnari was 6.7% (1/15) and 6.7% (1/15) were mixed C. parvum and C. molnari infections (Certad et al., 2015) . C. molnari was identified in the stomach, while developmental stages of C. parvum were found in the stomach and intestine indicating that C. parvum is infecting fish, rather than being passively, carried which has important public health implications. In the present study, C. parvum was not detected using a C. parvum-specific qPCR (Yang et al., 2013) .
No oocysts or life cycle stages were observed in the infected fish hosts in the present study due to the fact that tissues were available for only 35% of samples and of those substantial autolysis of tissues was observed, which has been previously reported as an issue for Cryptosporidium detection in piscine hosts (Zanguee et al., 2010; Morine et al., 2012; Koinari et al., 2013) . It is also possible that Cryptosporidium was not observed in these fish due to low number of parasites and the multifocal nature of infection in gastrointestinal tissues. However. as there are few morphological differences between most Cryptosporidium species, greater importance is placed on genetic differences as well as biological variation when delineating a new species (Fall et al., 2003; Xiao et al., 2004) .
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In conclusion, in the present study we have expanded the molecular taxonomy of piscine-derived genotypes, confirmed existing species and genotypes and identified several novel genotypes. A major limitation to understanding the phylogeny of piscinederived Cryptosporidium species however, is the existence of high levels of mixed infections. Future studies will need to employ deep sequencing amplicon-based technologies to better understand the phylogenetic relationships of piscine-derived Cryptosporidium species and genotypes. Ryan et al. (2003) and Ryan (2010) .
Uncited references Q7
